This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. 
Introduction
The vascular endothelium consisting of a single cell layer lining all vessels, acts as a physiological barrier and plays a crucial role in maintaining the vascular homeostasis. The endoplasmic reticulum (ER) is a highly dynamic organelle almost present in all eukaryotic cells. Multiple factors both inside the cell and in the ER microenvironment influence ER functions, resulting in ER stress and thus impairing protein folding in the lumen of the ER. The disturbed protein folding process then leads to the accumulation of unfolded or misfolded proteins in the ER lumen, which then directs to the activation of a special cellular process called the unfolded protein response (UPR). Unreversed ER stress undoubtedly triggers cellular death programme. The ER is now recognized as an important organelle in deciding cell life and death. More recently, compelling evidence indicated a crucial role of disturbed ER functions in endothelial pathology and even cardiovascular disease, such as ischemic vascular disorder, neovascularization, and atherosclerosis [1] [2] [3] .
The very-low-density-lipoprotein (VLDL) receptor (VLDLr) is a transmembrane lipoprotein acceptor of the low-density-lipoprotein (LDL) receptor family. VLDLr is expression abundantly in fatty acid tissues due to their high level of triglycerides, VLDLr's primary ligand. These other VLDLr-present tissues include those of the heart, skeletal muscle, and adipose layer. In addition, the receptor is also found in endothelial cells. Beyond the function of VLDLr as a peripheral lipoprotein receptor, the possibilities of its biological function have been extended to the process of signal transduction, angiogenesis, and even tumor growth [4] . Recently, some study indicates a modulatory role of VLDLr in the endothelial biological processes except lipoprotein metabolism. VLDLr was involved in the activation of retinal vascular endothelial cells and promotion of angiogenesis [5, 6] . Further, fibrin-dependent transendothelial migration of leukocytes was found to be associated with VLDLr [7] . VLDL receptor was mediated in microvascular endothelial cells to inhibit cell division [8] . More or less, these findings showed that a close relationship may be existed between VLDLr and endothelial pathological events. More recently, we found that hypoxia-induced VLDLr expression triggered endothelial ER stress and apoptosis.
S. miltiorrhiza, commonly named ''Danshen'', is a valuable medicinal plant used in China for thousand years to alleviate some significant symptoms of cardiovascular disease [9] . It is also an important ingredient of compound danshen dripping pills which have been passed phase II human clinical trial of U.S. Food and Drug Administration (FDA). Salvianolic acid A (SalA), is one of the main active, water-soluble components in S. miltiorrhiza. Previous studies have indicated beneficial effects of SalA on resistance to oxidative stress, platelet aggregation, ischemia, and hepatocirrhosis [10] . In the present study, we, for the first time, provide evidence for the protective effect of SalA on hypoxia-induced endothelial ER stress and apoptosis through down-regulation of VLDLr expression in human umbilical endothelial cells (HUVECs).
Materials and Methods

Chemicals and reagents
Anti-VLDL-receptor (VLDLr) antibody was obtained from R&R Systems, and anti-cleaved caspase-3, anti-Bax, anti-Bcl-2, anti-β-actin and HRP-conjugated secondary antibodies were from Cell Signaling Technology. Anti-phospho-PERK, anti-PERK, anti-GRP78, and anti-CHOP were purchased from Santa Cruz Biotechnology. All other chemicals were from Sigma.
Cell culture and transfection of adenovirus and siRNA
Human umbilical endothelial cells (HUVECs) (Sciencell) were cultured in endothelial cell medium (ECM) supplemented with endothelial cell growth supplement (ECGS), 5% fetal bovine serum (FBS), and penicillin/streptomycin (P/S) solution (Sciencell) in an incubator with 37℃, 5% CO 2 . For experiments, cells of passage no. 4-6 were grown until confluence. Recombinant adenoviruses expression VLDLr or control viruses were constructed with the Ad-Easy system and cultures were routinely infected at a multiplicity of infection of five with an infective efficiency up to 80%. The VLDL receptor (VLDLr) siRNA and nontargeting siRNA used in our study were designed by and purchased from Dharmacon. HUVECs were transfected with 50 nmol/L siRNA with DharmaFECT1 as described previously [14] . The nontargeting siRNA was used as transfection control for non-sequence-specific effects of the transfected siRNAs.
Cellular hypoxia treatment
For experimental hypoxia, cells were incubated with the serum-free medium and placed in an airtight humidified chamber with 37℃, 5% CO 2 , and 95% N 2 . The matched normoxia control cells were cultured in a humidified incubator with 37°C, 5% CO 2 , and 21% O 2 .
Promoter constructs and luciferase reporter gene assay
The promoter fragments of vldlr were PCR-amplified from gemonic DNA and cloned into a luciferase vector at the Kpn1 and Bgl II site (pGL3; Promega, Madison, WI). The primers used for PCR amplification were as follows: 5'-GAGGGTACCAGTCGAGCCCCT-3' (sense); 5'-CTCAGATCTCATGCTGCCCGC-3' (antisense). HUVECs were seeded in 96-well plates and transfected with 100 ng of luciferase vector (pGL3 constructs), and 25 ng of Renilla vector (pRLTK) using Lipofectamine 2000 (Invitrogen). Twenty-four hours later, cells were subjected to hypoxia with or without SalA pretreatment and then lysed. The ratios between firefly luciferase and Renilla luciferase activity were measured with a dual-luciferase assay (Promega).
Chromatin Immunoprecipitation Assay
The chromatin immunoprecipitation assay (ChIP) was performed as described previously [11, 12] . In brief, HUVECs were cross-linked with 1% formaldehyde at 37℃ for 10 min at room temperature. The cell lysate was sonicated at 30% output on ice four times with 15-s intervals and pre-cleared with protein Sepharose 4B (Amersham Biosciences). The lysate was precipitated with the primary antibodies to HIF-1α (4 mg) overnight at 4℃. The DNA was purified using the QIA-AMP DNA purification system (Qiagen). PCR products were detected, using primers specific for human VLDLr (386/524), forward primer: 5'-CCAACCAAGCCCTCCAGCAA-3', reverse primer: 5'-ATCAGTGGCACCCTCCTCCC-3'. Equal input DNA control was assessed and anti-Flag antibody (Sigma) was served as the negative control.
Flow cytotmetry assay
Cell apoptosis was analyzed by annexin V-FITC / propidium iodide (PI) staining according to the manufacturer's instructions (Invitrogen, USA). Briefly, cells were rinsed with ice-cold PBS and resuspended at a final concentration of 2-5×10 5 /ml in 250μl binding buffer. Five microliters of annexin V-FITC stock solution was added to the cells and rinsed for 3 minutes at 4°C. Then 10μl PI (20μg/ml) was added and incubated in the dark at room temperature for 10 min. Cells were analyzed by flow cytometry (FACS Calibur, BD Biosciences, USA) equipped with Cell Quest software. For each sample, approximately 1×10 4 cells were analyzed.
Quantitative real-time RT-PCR analysis
Total RNA was purified from HUVECs with Trizol (Invitrogen). Realtime PCR was performed using Bio-RAD iQ5 Multicolor Real-Time PCR Detection System with SYBR Green as fluorescent and ROX (Takara) as reference dyes as described previously [13] . The specific primers used were as follows: human VLDLr: 5'-GTGGAAAATGTGATGGGGATG-3' (forward), 5'-CCATTGTTGCACACGAAGTC-3' (reverse); human GRP78: 5'-GCCGCAGGCGCTGGAAAGAT-3' (forward), 5'-GCCGATGAGTCGCTTGGCGT-3' (reverse); human CHOP: 5'-GGTGGCAGCGACAGAGCCAA-3' (forward), 5'-CATGCGTTGCTTGCCAGCCC-3' (reverse); human GAPDH: 5'-GACCCCTTCATTGACCTC-3' (forward), 5'-GCTAAGCAGTTGGTGGTG-3' (reverse)..
Immunoblot analysis
Immunoblotting was performed according to the previous protocols [14] . Total proteins were extracted from HUVECs using cell lysis buffer. Protein (40-60 ug) from each sample were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with primary antibodies and then with horseradish peroxidase-conjugated secondary antibodies. The enhanced chemiluminescence signal was quantified using a densitometry program (Gel-pro 4.5 Analyzer, Media Cybernetics). To quantify the protein signal, we subtracted background, normalized the value to β-actin. As for the phospho-specific protein, we normalized the signal to the amount of total target protein and β-actin. The data of each group were expressed as a fold change of the control.
Statistical analysis
Each experiment was performed at least in triplicate. Data were presented as mean+SEM. Differences between groups were evaluated for statistical significance using Student's t or ANOVA tests. In each case, significance was defined as P<0.05.
Results
SalA inhibits hypoxia-induced endothelial apoptosis
To investigate the biological role of SalA in hypoxia-induced endothelial dysfunctions, HUVECs were pretreated with SalA at a concentration of 50, 100, or 200ng/L and subjected to hypoxia for 8 h. As shown in Figure 1A , treatment of cells with hypoxia resulted in endothelial apoptosis, which was significantly suppressed by pretreatment of cells with SalA. Similarly, SalA markedly inhibited hypoxia-induced enhancement of protein levels of cleaved caspase-3 and pro-apoptotic Bax (Fig. 1B) . In contrast, suppressed expression of anti-apoptotic Bcl2 was partly reversed by SalA at the concentration of 100 or 200ng/L (Fig.  1B) . These data indicate a protective role of SalA in hypoxia-induced endothelial apoptosis.
SalA attenuates hypoxia-induced endothelial ER stress
Hypoxia is known to trigger ER stress, and recent evidence indicated that ER stress played an important role in the progression of cardiovascular disease [3, 15] . We therefore investigated whether SalA might attenuate hypoxia-induced endothelial ER stress. Experimentally induced hypoxia in endothelial cells triggered elevated mRNA levels of Bip and CHOP, which were significantly alleviated by pretreatment of SalA at concentrations of 100 and 200ng/L (Fig. 2A) . In agreement with the transcript levels, hypoxia-enhanced protein expression of Bip and CHOP were also inhibited by pretreatment of SalA (Fig. 1B) . In addition, we observed that phosphoralylation of PERK displayed similar alterations with Bip and CHOP (Fig. 1B) . These results suggest that SalA might attenuate hypoxia-induced ER stress in endothelial cells.
SalA inhibits Hypoxia-enhanced expression of VLDLr
In our previous study, we found that oxidative stress promoted expression of VLDLr which was involved in ER stress and apoptosis [16, 17] . We therefore determine whether SalA affect the VLDLr expression. As shown in Figure 3A and B, hypoxia induced marked increase in mRNA and protein levels of VLDLr. Interestingly, pretreatment of SalA at concentrations of 100 and 200ng/L sufficiently abolished hypoxia-induced VLDLr expression (Fig. 3A and B) . These results indicate that SalA might serve as an effective suppressor of VLDLr expression.
SalA inhibits HIF-1α binding to vldlr gene promoter
In our previous study, binding of HIF-1α to hypoxia-responsive element (HRE) in vldlr gene promoter (between -161 and -158 bp) triggered VLDLr expression [17] . Therefore, we examined the effect of SalA on the HIF-1α-dependent VLDLr expression. SalA pretreatment did not led to obvious alteration of HIF-1α protein expression (Fig. 4A) . However, SalA effectively inhibited vldlr gene promoter activity at the concentrations of 100 and 200ng/L (Fig. 4B) . Thus, we further detected whether the binding of HIF-1α to vldlr gene promoter was changed by SalA pretreatment. ChIP assays displayed that hypoxia increase the recruitment of HIF-1α to the vldlr gene promoter, and this process was hampered markedly by pretreatment of SalA at the concentrations of 100 and 200ng/L (Fig. 4C) . Collectively, SalA might inhibit HIF-1α binding to vldlr gene promoter, leading to suppressed VLDLr expression.
VLDLr overexpression abolishes SalA-mediated protection of endothelial apoptosis
To determine whether SalA protect endothelial cells form apoptosis through reducing VLDLr expression, we transfected cells with adenovirus to get cellular overexpression of VLDLr. We showed that VLDLr overexpression completely abolished the protective role of SalA in endothelial apoptosis (Fig. 5A) . Moreover, protein levels of cleaved caspase-3 and proapoptotic Bax was down-regulated after the SalA pretreatment, and this phenomenon was greatly reversed by VLDLr overexpression (Fig. 5B) . Meanwhile, the elevated protein level of anti-apoptotic Bcl2 by SalA pretreatment was also disturbed after VLDLr overexpression (Fig. 5B) . Furthermore, silencing of VLDLr mimicked the protective actions of SalA (Fig. 5B) . Together, our data thus show that VLDLr might be an essential mediator through which SalA protects endothelial cells from apoptosis.
VLDLr overexpression inhibits the suppression of ER stress mediated by SalA
We further detect whether VLDLr overexpression affect the suppression of ER stress induced by SalA. As shown in Figure 6A , as a consequence of VLDLr overexpression, SalAsuppressed mRNA levels of Bip and CHOP were significantly reversed. In agreement with transcript levels, similar alterations were observed with regard to the protein levels of Bip, phosphor-PERK, and CHOP, manifested by decreased levels after SalA pretreatment and reversed levels after VLDLr overexpression despite SalA pretreatment (Fig. 6B) . Moreover, the phenomenon of silencing of VLDLr was similar to that of SalA pretreatment (Fig. 6C) . Therefore, these results undoubtedly indicate that VLDLr might be a crucial factor involving in suppression of ER stress induced by SalA. 
Discussion
In the present study, we provided evidence for the first time that SalA, a potential drug component from a medicinal plant, attenuated hypoxia-induced endothelial ER stress and apoptosis. The inhibited ER stress and apoptosis were due to the decreased VLDLr expression mediated by the events that SalA inhibited HIF-1α binding to vldlr gene promoter, therefore leading to reduced gene promoter activity. Thus, our results provide a novel mechanism that could contribute to understand the protective action of SalA against hypoxia-indced ER stress and apoptosis in endothelial cells.
The vascular endothelium is a semi-selective diffusion barrier between the blood plasma and interstitial tissue. Besides its important function of regulating blood coagulation, the endothelium has been shown to play an essential role in the inflammatory processes, development of atherosclerotic lesions, and regulation of blood pressure. The endoplasmic reticulum (ER) is a complex membranous framework found in all eukaryotic cells [18] . The Cellular Physiology and Biochemistry stress [24] . In our study, hypoxia undoubtedly led to endothelial ER stress and apoptosis ( Fig. 1 and Fig. 2 ). SalA is one of the main active, water-soluble ingredient in S. miltiorrhiza, which is commonly named ''Danshen'' in China, and has been widely used as a medicinal plant for more than two thousand years [9] . Nowadays, modern medical research described many beneficial effects of SalA on cardiovascular system [10] . SalA was suggested to be effective in anti-oxidation, anti-apoptosis, and anti-inflammation in numerous pathological stimuliinduced cardiovascular injury [10] . In the present study, we showed that SalA protected endothelial cells from ER stress and apoptosis ( Fig. 1 and Fig. 2) , a finding that further favor the beneficial effect of SalA on vasculature system. The mechanisms elucidating the role of SalA in regulation of biological processes in endothelial cells, vascular smooth muscle cells, and cardiomyocytes have been investigated [25] [26] [27] . It has been described that SalA might be a cardiovascular protective agent during reperfusion injury, mainly through its antiapoptosis activity via induction of Bcl-2 and inhibition of Bax [28, 29] . In agreement with these data, we showed that SalA abolished suppression of Bcle-2 and enhancement of Bax induced by hypoxia (Fig. 1B) .
VLDLr is found throughout the body, with particularly high expression in fatty acid tissues due to their high level of triglycerides, VLDLr's primary ligand. These tissues include those of the heart, skeletal muscle, and adipose layer. In addition, the receptor is also found in endothelial cells [30, 31] . As a peripheral remnant lipoprotein receiver, VLDLr is commonly linked to the lipid metabolism. More recently, its biological functions extended to include signal transduction, cellular proliferation, and tumor pathogenesis [4] . With regard to endothelial cells, there were some interesting findings. VLDLr, as a novel endothelial cell receptor for fibrin, promoted fibrin-dependent leukocyte transmigration and thereby inflammation [7] . The suppression of endothelial cell proliferation by tissue factor pathway inhibitor was mediated by VLDLr [25] . Loss of VLDLr activated retinal vascular endothelial cells and promoted angiogenesis [6] . Further, it was reported that VLDLr was essential for the inhibition of cell division in microvascular endothelial cells [8] . Therefore, all these evidences proposed a crucial action of VLDLr involved in endothelial biology. In our study, SalA effectively suppressed VLDLr expression (Fig. 3) . Meanwhile, overexpression of VLDLr abolished the protective role of SalA in the endothelial ER stress (Fig. 5) and apoptosis (Fig.  6 ). These results indicated that VLDLr be a mediator involved in ER stress and apoptosis, and SalA may be a novel antagonist against VLDLr and its related actions. However, the intensity of endothelial VLDLr expression was varied in different vessel sites, which was detected abundantly in the endothelium of capillaries and small arterioles, in contrast, little or low amount in aortas, veins or venules [31] . Therefore, SalA might be beneficial for these endothelial cells that express lower amount of VLDLr, because it is difficult for SalA to suppress the effects induced by highly expressed VLDLr (Fig. 5B and 6B) .
The hypoxia-induced enhancement in VLDLr expression is more likely a general event, as hypoxia has previously been suggested to promote vldlr mRNA expression in Müller cells and human monocytes [32, 33] . Our previous study indicated that HIF-1α triggered increase in VLDLr expression [17] . However, in the present study, SalA pretreatment did not result in obvious alteration of HIF-1α protein expression compared with control group (Fig. 4A) . Interestingly, SalA inhibited vldlr gene promoter activity (Fig. 4C) . Furthermore, hypoxiainduced recruitment of HIF-1α to the vldlr gene promoter was hampered markedly by SalA pretreatment (Fig. 4C) . Collectively, we concluded that SalA might inhibit HIF-1α binding to vldlr gene promoter, thus leading to suppression of VLDLr expression.
In conclusion, our results demonstrate, for the first time, that SalA represses hypoxiainduced endothelial ER stress and apoptosis in HUVECs via inhibited binding of HIF-1α to vldlr gene promoter and thus suppressed VLDLr expression. Elucidation of the molecular mechanisms by which SalA protects endothelial cells from ER stress and apoptosis may have significance for therapy to reduce hypoxia-induced vascular injury.
